We have generated and detected coherent lattice vibrations in single-walled carbon nanotubes corresponding to the radial breathing mode (RBM) using ultrashort laser pulses. Because the band gap is a function of diameter, these RBM-induced diameter oscillations cause ultrafast band gap oscillations, thereby modulating the interband excitonic resonances at the phonon frequencies (3−9 THz). Excitation spectra show a large number of pronounced peaks, allowing the determination of the chiralities present in particular samples and relative population differences of particular chiralities between samples.
Introduction
Electrons, phonons, and their mutual interaction determine most of the properties of crystalline solids. 1 Optical and electrical properties, in particular, are almost entirely dominated by these two fundamental excitations, and it is the subtle interplay between them that gives rise to phenomena such as the Franck-Condon principle and superconductivity. With the advent of ultrafast spectroscopy, one can probe electronic and vibrational dynamics in real time. 2, 3 Singlewalled carbon nanotubes (SWNTs), with their uniquely simple crystal structures and chirality-dependent electronic and vibrational states, provide a 1D playground for studying the dynamics and interactions of electrons and phonons. Recent continuous wave (CW) optical studies of SWNTs [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] have produced a world of intriguing phenomena, including phonon-assisted photoluminescence, strongly bound excitons, and chirality-dependent resonant Raman scattering (RRS), all results of the interaction between excited electronic states and phonons. [15] [16] [17] [18] [19] [20] [21] [22] Here we show the real-time observation of lattice vibrations in SWNTs. Using pump-probe spectroscopy, we observed coherent phonons (CPs) in individualized SWNTs, corresponding to the radial breathing mode (RBM). The observed RBMs were found to correspond exactly to those seen by CW RRS for the same sample with narrow phonon line widths, no photoluminescence signal or Rayleigh scattering background to obscure features, and excellent resolution, allowing normally blended peaks to appear as distinct features. Additionally, differences in the RBM intensity of particular families of SWNTs were observed between CP spectroscopy and RRS. Finally, when viewing the excitation profiles of several RBMs, we found a two-peak resonance, which we attribute to this technique acting as a modulation spectroscopy; that is, we are observing the first derivative of the interband excitonic absorption peak.
The sample used in this study was a micelle-suspended SWNT solution with a diameter range of 0.7-1.3 nm. The SWNTs (HiP CO batch HPR 104) were suspended as individuals with sodium dodecyl sulfate in D 2 O via ultrasonication and centrifugation as previously described. 4 We performed degenerate pump-probe measurements in a quartz cell with an optical path length of 1 mm at room-temperature using ∼50 fs pulses from a mode-locked, 89 MHz Ti: Sapphire laser with a bandwidth of ∼25 nm and an average pump power of ∼20 mW. We tuned the center wavelength in 5-nm steps from 710 to 860 nm (1.75-1.43 eV) by controlling the slit between the intracavity prism pair in the Ti:Sapphire laser. In the CW RRS experiments on the same sample, the excitation source was a CW Ti:Sapphire laser with a power of 15 mW at the sample. Signal collection was done using a triple monochromator and a CCD camera. Figure 1a is a typical example of the raw pump-probe data taken on our SWNT sample at an 800 nm center photon wavelength. Here, the large electronic contribution is seen at time-zero along with the weaker decaying oscillatory component seen just after, which is attributed to the CP contribution. Figure 1b shows CP oscillations in SWNTs excited at different pump photon energies. The amplitude of oscillations in terms of normalized differential transmission was ∼10 -4 near zero delay. Each trace consists of a superposition of multiple oscillation modes with different frequencies, exhibiting a strong beating pattern. The beating pattern sensitively changes with the photon energy, implying that the CP oscillations are dominated by RBMs, which are resonantly enhanced by pulses commensurate with their unique electronic transitions, as is the case in CW Raman scattering. The decay time of the dominant CP oscillations was ∼5 ps.
To determine the frequencies of the excited lattice vibrations, we took a fast Fourier transform (FFT) of the timedomain oscillations to produce CP spectra (Figure 2a ). For comparison, we show CW RRS spectra (Figure 2b ) for the same sample. The CP spectra (Figure 2a ) are seen to cluster into three distinct regions, similar to CW RRS, 7 as shown in Figure 2b . The main peak positions coincide between panels a and b of Figure 2 , indicating that the oscillations seen in Figure 1b are indeed due to the RBM of coherent lattice vibrations. However, upon close examination, we find a few noticeable differences between the CP data and the CW RRS data: (i) unresolved shoulder features in RRS are seen as clear peaks in the CP spectra due to the narrow line widths, (ii) there are different intensity distributions among the strongest peaks in the three distinct regions, and (iii) the CP spectra show a surprising double-peak dependence on the photon energy.
Figures 3 a-c present a direct comparison between CP spectra and CW RRS spectra. Here, the CP spectra obtained with different wavelengths are overlaid onto the equivalent RRS spectra taken at the same wavelengths of 710 nm (1.746 eV), 765 nm (1.621 eV), and 830 nm (1.494 eV), respectively. There is overall agreement between the two spectra in each figure. However, it is clear that several features are more resolved in the CP data. The narrower line widths in the CP data make it possible to resolve blended peaks in the RRS data. With less overlap among the close-by peaks, more precise determination of line positions is possible. Through peak fitting using Lorentzians, we have identified and successfully assigned 18 RBMs in the CP spectra over the 1.44-1.75 eV (710-860 nm) photon energy range with an average measured line width of ∼3 cm -1 . Line widths measured in this study for HiP CO material using CW RRS and in other high-resolution CW RRS experiments for different carbon nanotube samples 13, 14, 19, [23] [24] [25] [26] [27] [28] were consistently 5-6 cm -1 ; the two notable exceptions are isolated SWNTs suspended over a trench 29 and the inner shell tube of double-walled carbon nanotubes (DWNTs) 23, 24 where RRS measured 1.5 and 1 cm -1 line widths, respectively. Previous studies on CPs in semiconductors, [30] [31] [32] large organic dye molecules, [33] [34] [35] bulk metal films 36 and metal nanoparticles and nanorods 37 indicate general agreement with phonon line widths obtained by CW RRS, although, in some cases, line widths measured were greater than or less than the RRS line width. In both CP spectroscopy and RRS, the primary decay process of phonons is most likely to be through disappearance into lower-frequency phonon modes by anharmonicity. 3, 32 However, other broadening mechanisms such as interactions with the environment and intertube interactions should be studied as well as temperature dependence to identify the exact decay mechanism. Figure 4 summarizes the observed RBMs both from CW Raman scattering (Figure 4a ) and CPs (Figure 4b ). 38 The dependence of CP signal strength as a function of photon energy and phonon frequency exhibits several of the same trends both predicted theoretically [17] [18] [19] [20] [21] [22] and measured experimentally 7, 14 by CW Raman scattering for intensity as a function of excitation energy and Raman shift. When exciting the second excitonic transition for an individual semiconducting SWNT, E 22 , (n-m) mod 3 ) -1 nanotubes have markedly stronger signals than (n-m) mod 3 ) +1 nanotubes. Additionally, within a (2n+m) nanotube family, signal strength increases from nanotubes with large or near 30°c hiral angles (near-"armchair") to nanotubes with small or 0°chiral angle ("zigzag"). Both observed behaviors stem from the proportionality of the RRS/CP intensity to the square of the electron-phonon coupling matrix element, whose magnitude possesses both a mod type and chiral angle dependence. 7, 14, 17, [19] [20] [21] [22] 39 However, the two techniques differ when comparing the overall signal strength. Namely, in Raman scattering, signal strength decreases as (2n+m) ) constant increases, whereas CP signal increases with increasing (2n+m) ) constant. We currently have no theoretical model to explain this striking difference between CP measurements and RRS, and it is thus open for further studies. Finally, we discuss how the generation of CPs of RBMs modifies the electronic structure of SWNTs and how it can be detected as temporal oscillations in the transmittance of the probe beam. The RBM is an isotropic vibration of the nanotube lattice in the radial direction, that is, the diameter (d t ) periodically oscillates at frequency ω RBM . This causes the band gap E g to also oscillate at ω RBM (see Figure 5a ) because E g directly depends on the nanotube diameter (roughly E g ∝ 1/d t ). As a result, interband transition energies oscillate in time, leading to ultrafast modulations of optical constants at ω RBM , which naturally explains the oscillations in probe transmittance. Furthermore, these modulations imply that the absorption coefficient at a fixed probe photon energy is modulated at ω RBM . Correspondingly, the photon energy dependence of the CP signal shows a deriVatiVe-like behavior, à la modulation spectroscopy 40 (see Figure 5b ,c). We modeled this behavior assuming that the CP signal intensity is proportional to the absolute value of the convoluted integral of the first derivative of a Lorentzian absorption line and a Gaussian probe beam profile. The results, shown as solid lines in Figure 5b ,c, successfully reproduce the observed double peaks, whose energy separation changes with the bandwidth of the probe. The symmetric double-peak feature confirms the excitonic nature of the absorption line, in contrast to the asymmetric shape expected from the 1D van Hove singularity.
In addition to revealing a novel optical process, involving both 1D excitons and phonons simultaneously, this study opens up a number of new possibilities to study SWNTs. In particular, it has several advantages, including (i) excellent resolution and narrow line widths, (ii) no Rayleigh scattering background at low frequency, (iii) no photoluminescence signal, and (iv) direct measurement of vibrational dynamics, including its phase information and decay times. The excitonic nature of interband optical excitation manifests itself in the detection process for the CP oscillations by the coupling with the broad spectrum of probe pulses. Furthermore, the expansion of the spectrum of femtosecond pulses into the deep mid-infrared and visible ranges will allow us to explore large-diameter carbon nanotubes and metallic carbon nanotubes. Finally, the ability of CP measurements to trace the first derivative of the excitonic absorption peaks of specific chirality (n,m) tubes will allow in-depth study of the line shape of these resonances. 
